The localization of some key enzymes leading to sucrose synthesis in photosynthetic tissue of C, and C4 species was investigated. These included UDP-glucose (UDPG) pyrophosphorylase, sucrose phosphate synthetase, and glycerate kinase. Whether glycerate kinase is localized exclusively in the chloroplast or partly outside the chloroplast could influence the fate of carbon flow to sucrose through the glycolate pathway.
plasts. Following separation of the chloroplasts by differential centrifugation and by sucrose density gradient centrifugation, UDPG pyrophosphorylase, sucrose phosphate synthetase, and sucrose synthetase were found outside the chloroplast while glycerate kinase was localized in the chloroplast.
In the C4 species (maize, NADP-malic enzyme-type; Paniwum miliaewm, NAD-malic enzyme type and Brachiaria erucaefornis, phosphoenolpyruvate carboxykinase type) the distribution of UDPG pyrophosphorylase and glycerate kinase between mesophyll and bundle sheath ceUs and their intracellular localization in mesophyll protoplasts was determined. Substantial activity of UDPG pyrophosphorylase was found in both mesophyll and bundle sheath cells while glycerate kinase was localized only in mesophyll cels. From C4 mesophyll protoplasts, UDPG pyrophosphorylase was found to be cytoplasmic while glycerate kinase appears exclusively localized in the chloroplasts as determined by differential centrifugation and sucrose density gradients.
It seems that in both C3 and C4 plants, the terminal steps of sucrose synthesis occur exclusively in the cytoplasm while carbon flow in the glycolate pathway to sucrose must occur through glycerate kinase in the chloroplasts. The localization of glycerate kinase in mesophyll cells of C4 plants may have further implications for intercellular flow of carbon during metabolism in the glycolate pathway in these species.
Sucrose is the major intermediate product of photosynthesis by plants, and the major portion of assimilated carbon is transported in this form. Sucrose synthesis, according to some current proposals, occurs not in the chloroplast but in the cytosol of the cell (2, 27) .
In C3 plants, UDPG (2) , who used aqueous methods to isolate chloroplasts from peas (C3) and spinach (C3), suggested that UDPG pyrophosphorylase and sucrose-P synthetase are primarily localized in the cytosol of these tissues. Some possibility for cytosolic contamination of the chloroplast fraction was then suggested with the previously used nonaqueous techniques. Their more recent results with aqueous methods have been taken as evidence that sucrose is synthesized in the cytosol, although their chloroplasts were not of high integrity since only 20-30%/o of RuBP carboxylase was retained in the chloroplast fraction. Further evidence which suggests that sucrose is synthesized in the cytoplasm is based on the impermeability of sucrose to intact chloroplasts (14) and nonaqueous fractionation to determine localization of photosynthetic products (7, 13) .
In C3 plants under atmospheric conditions, there is thought to be significant flow of carbon to sucrose through the glycolate pathway (25) . It is uncertain whether carbon flow in the glycolate pathway to sucrose synthesis must be linked to the triose-P pool in the RPP pathway of the chloroplasts or if it can occur by an independent route in the cytoplasm. In this respect, the localization of glycerate kinase is of central importance. If glycerate kinase is partially cytoplasmic as previously suggested (12) (19) , was composed of 4.0 ml 60% sucrose, 2 ml 55% (w/w) sucrose, 2 ml 50% (w/w) sucrose, 2 ml 45% (w/w) sucrose, 5 ml 42% (w/w) sucrose, 2.5 ml 40% (w/ w) sucrose, 2.5 ml 37.5% (w/w) sucrose, 2.5 ml 35% (w/w) sucrose, 2.5 ml 32.5% (w/w) sucrose, and 3 ml of 30% (w/w) sucrose, all dissolved in 50 mm Hepes (pH 7.3), 1 mM MnCl2, and I mm MgCl2, I mM EDTA, and 2% PVP-40. The gradient was prepared about 2 h before use. The ruptured protoplast preparation (2.0 ml) was layered on top of the gradient and centrifuged at 4,000 rpm for 5 min and then 10,000 rpm for a further 10 min in a Beckman JS-13 rotor according to the method of Miflin and Beevers (19) . Each fraction had a volume of 1.2 ml. The total activity recovered from the gradient for glycerate kinase and UDPG pyrophosphorylase was 59 and 44 ismol mg-' Chl h-', respectively. This is considerably lower than activity in the original homogenates ofother experiments (e.g. see Table I ) due to loss in activity during fractionation and assay in the absence of a reducing agent. Abbreviations: (a) Chi: chlorophyll; TPDH: NADP-linked triose-P dehydrogenase; (b) UDPGP: UDPG pyrophosphorylase; ADH: alcohol dehydrogenase; GK: glycerate kinase; (c) 
MATERIALS AND METHODS
Plant Material. The plants used in the present study were the C3 plant, wheat (Triticum aestivum) and C4 plants, maize (Zea mays), proso millet (Panicum miliaceum), and Brachiaria erucaeformis. The C3 and C4 plants were grown in growth chambers with a photoperiod of 15 h at a day/night temperature regime of 20 C/ 15 C and 30 C/15 C, respectively with other conditions as previously described (17) . In some experiments, where indicated, fieldgrown P. miliaceum was also used.
Chemicals. Cellulase (Onozuka 3S) and Macerozyme R-10 were obtained from Yakult Biochemicals Co., Ltd., Nishinomiya, Japan. All other enzymes and reagents were obtained from Sigma.
Intercellular Localization of Enzymes in C4. Mesophyll protoplasts and bundle sheath strands of C4 plants were enzymicaliy isolated according to previous methods using a combination of Ceilulase and Macerozyme (6, 16) . The preparations were suspended in medium A containing 50 mM Hepes (pH 7.5), 5 mM DTE, and 5 mm EDTA and were broken in a glass homogenizer. The homogenates were centrifuged for 3 min at 2,000g. The supernatants were desalted by passage through a column containing Sephadex G-25 and assayed for enzyme activity.
Intracellular Localization of Enzymes. Differential centrifugation: mesophyll protoplasts suspended in 0.4 M sorbitol, 50 mm Hepes-KOH (pH 7.6), and 1 mm EDTA were ruptured by three passes through a 20 ,um nylon net attached to a l-ml syringe, as previously described (6) . The protoplast extracts were centrifuged for I min at 650g to pellet the chloroplasts. The pellet was resuspended in medium A, broken in a glass homogenizer, and centrifuged for 3 min at 2,000g. Both fractions were treated with Sephadex G-25 and then analyzed to determine whether certain enzymes were localized in or outside the chloroplasts.
Sucrose density gradients: the protoplasts were suspended in 0.3 M sucrose, 50 mM Hepes (pH 7.3), 5 mm DTE (only with P. miliaceum), 1 mM MnCI2, 1 mM MgCl2, 1 mm EDTA, and 2% PVP-40 and ruptured as described below. Formation of gradients and conditions of centrifugation are indicated in the text. The gradients were fractionated using an ISCO model 640 gradient fractionator and the density of the gradients determined by refractometry.
Enzyme Assays and Chlorophyll Determination. PEP carboxylase, NADP-triose-P dehydrogenase, NAD-malate dehydrogenase, OH-PR: hydroxypyruvate reductase. ChI is given as ug ml-'. Density is given in g cm3. All enzyme activities are given as pmol substrate converted ml-' h-'. (29) . RESULTS The activity and intracellular localization of several enzymes in wheat mesophyll protoplasts are shown in Table I . The chloroplasts isolated from protoplasts were about 80%o intact based on retention of NADP triose-P dehydrogenase in the 650g chloroplast pellet. NAD-malate dehydrogenase is largely extrachloroplastic since most of the activity is in the supernatant fraction. Retention of UDPG pyrophosphorylase and sucrose-P synthetase in the supernatant fraction indicates that the terminal steps of sucrose synthesis in C3 plants occur outside the chloroplasts. Sucrose synthetase was found only in the supernatant fraction but in considerably lower activity than sucrose-P synthetase (data not shown). Glycerate kinase had the same distribution as NADP triose-P dehydrogenase, indicative that this enzyme is localized in the chloroplast in C3 plants.
ENZYMES OF SUCROSE SYNTHESIS
Protoplast extracts of wheat were also subject to centrifugation on a sucrose density gradient to separate intact chloroplasts from other organelles on the basis of differences in sedimentation velocity (Fig. 1) . Fractionation and assay of enzymes in the gradient further indicates that glycerate kinase is associated only with chloroplasts (same activity pattern as NADP triose-P dehydrogenase with no activity in the fumarase, hydroxypyruvate reductase regions) and that UDPG pyrophosphorylase is exclusively cytoplasmic (all activity at top of gradient).
In the C4 plants examined, UDPG pyrophosphorylase, a marker enzyme for the terminal steps of sucrose synthesis, is found in both mesophyll and bundle sheath cells. In maize, the activity of sucrose-P synthetase is much higher in mesophyll than in bundle sheath cells (Table II) . Relatively low activity ofsucrose synthetase was found in both cell types of maize (data not shown). In all three C4 species, glycerate kinase was localized in mesophyll cells with little or no activity in bundle sheath cells (Table II) . The intracellular localization of several enzymes in mesophyll protoplasts of the three C4 species was examined (Table III) and the results were similar to that of the C3 species, wheat (Table I) .
Based on retention of NADP triose-P dehydrogenase in the chloroplast fraction, the C4 mesophyll chloroplasts were about 90%o intact (Table III) . Likewise, about 90%o of the glycerate kinase was associated with the chloroplast pellet indicating glycerate kinase is a chloroplast enzyme. PEP carboxylase was found largely in the supernatant fraction with all species which is consistent with previous reports that this is a cytoplasmic enzyme in C4 plants (8) . Like PEP carboxylase, UDPG pyrophosphorylase and sucrose-P synthetase (also sucrose synthetase, data not shown) were found in the supernatant fraction (91-99%) indicating that sucrose synthesis occurs outside the chloroplasts in C4 mesophyll cells.
Additional evidence to support these conclusions was obtained by centrifugation of mesophyll protoplast extracts of P. miliaceum on sucrose density gradients. In the first experiment, centrifugation was at high speeds using a vertical rotor with the intention of partitioning organelles based on their buoyant densities (Fig. 2) .
The chloroplasts, as indicated by the Chl distribution, occurred in a single band in the gradient at a density of 1.21. Lack of chloroplasts at a lower density, corresponding to broken chloroplasts, and the occurrence of NADP triose-P dehydrogenase in the chloroplast fraction with negligible activity at the top of the gradient indicates that practically all of the chloroplasts were intact. PEP carboxylase was found only at the top of the gradient indicating that this enzyme is cytoplasmic. UDPG pyrophosphorylase follows the same pattern as PEP carboxylase indicating that Plant Physiol. Vol. 65, 1980 protoplast extracts of the C4 species P. miliaceum (field grown) after isopycnic density gradient centrifugation. The ruptured protoplast preparation (1.0 ml) was layered on top of a sucrose density gradient composed of 6 ml 50%o (w/w) sucrose, 6 ml 46% (w/w) sucrose, 6 ml 42% (w/w) sucrose, 6 ml 38% (w/w) sucrose, 6 ml 34% (w/w) sucrose, and 6 (19) was used similar to that for wheat in Figure I (attempt to separate organelles on sedimentation velocity differences). The composition was the same as Figure I except 5 mm DTE was included in the protoplast extract and the gradient. Each fraction had a volume of 1.2 ml except for fraction I which had a volume of 0.6 ml. The total activity recovered from the gradient for glycerate kinase and UDPG pyrophos- indicates this enzyme is totally particulate (noncytoplasmic). Fumarase, a marker enzyme for mitochondria, and hydroxypyruvate reductase, a marker enzyme for microbodies, were found throughout the gradient with major peaks of activity at the top and in the chloroplast fraction (Fig. 2c) . It seems that under the experimental conditions used these organelles were more fragile than chloroplasts; also, peaks of activity of the marker enzymes in the chloroplast band indicate lack of separation. Similar results were obtained with a gradient centrifuged for 3 h at 25,000 rpm using Plant Physiol. Vol. 65, 1980 a horizontal rotor (data not shown).
In a second experiment (Fig. 3) , a protoplast extract of P. miliaceum was centrifuged on a sucrose density gradient at relatively low speeds (similar to experiments with wheat, Fig. 1 ). The results on the distribution of Chl and enzymes were similar to that of Figure 2 (Chl, NADP triose-P dehydrogenase, and glycerate kinase in a single corresponding peak in the gradients; PEP carboxylase and UDPG pyrophosphorylase at the top of the gradient) except for fumarase and hydroxypyruvate reductase. There was a major peak of activity of these two enzymes in fraction 4 (Fig. 3c) and, according to the density of the fraction (Fig. 3a) , coincides with the first fraction at the top of the sucrose gradient. Relatively low activity of these enzymes in the supernatant fraction at the top of the gradient (fraction 1-3) indicates less breakage of the organelles than in Figure 2 (7, 13, 14) .
Mesophyll protoplasts have proven useful for determining the intracellular localization of enzymes since a high degree of intactness can be maintained in protoplast extracts (e.g. 8, 28 
